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THE HARDENING O F  METALS BY QUELL’CHING. 
Professor C. A. Edwards, D.Sc. (Manchester), read a Paper on 
‘‘ The Hardening of Metals by Quenching.” 
It is well known that steels are not the only metals which are capable of 
being hardened by the simple operation of quenching from moderately high 
temperatures. The degree of hardening attained after subjecting steel to this 
treatment is certainly much greater than in  the case of other alloys, but that 
fact alone is not sufficient reason for invoking any special allotropic state or 
condition which is not possessed by other alloys. 
All that is necessary is to state the simple fact, that steels are the higher 
members of a group of different alloys which possess the same general 
characteristics in varying degrees. 
All alloys which behave in this way have similar constitutions at high 
temperatures and undergo precisely similar changes as they cool to the tem- 
perature of the atmosphere. They undergo decomposition at certain critical 
tcmperatures during which evolutions of heat occur. It is generally admitted 
that the hardening produced by quenching any of these alloys is in some 
way related to the effect of the quick cooling upon those critical heat 
changes. 
Only when we come to consider in detail what that effect is are we faced 
with any divergence of opinion. Within certain limits, the effect of varying 
rates of cooling upon the carbide change and other similar changes is well 
known. For example, as the rate of cooling is increased the temperature 
at which those changes occur is progressively lowered, and at the same 
time the thermal magnitude or intensity is decreased. Therefore, it is 
certainly in agreemcnt with actual experimental facts to say that as the 
rate of cooling is increased there is an increased tendency to prevent the 
inversion and keep the heat of the carbide change inside the cold material. 
The crucial question is, are the highest rates of cooling we are able to obtain 
by quenching sufficient to completely suppress the heat change ? The very 
careful experiments that Professor Benedicks has made certainly indicate 
that when the highest quenching velocities are attained there are no indica- 
tions of any heat being evolved as a result of the decomposition of the initial 
solid solution and subsequent crystallization of fresh constituents. Further, 
when heat is evolved the specimens contain the constituent known as 
troostite. There are, therefore, very good reasons for saying that troostite is 
the first constitutional step in the breaking up of the previous solid solution. 
Whilst troostite is unquestionably a hard constituent it is not nearly so hard as 
the constituent from which it is formed. Hence these facts lead one to the 
view that the hardening is caused by the suppression of the heat of the 
carbide inversion. In  the opinion of some investigators the structures of 
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quenched steels do not seem to support this view. It is, therefore, necessary 
to consider this question very carefully, especially as all other supposed diffi- 
culties will automatically disappear once this is satisfactorily settled. There 
can be no doubt that the internal. microstructure of steels and of other 
similar alloys when at high temperatures is essentially the same as that of 
pure metals and ordinary solid solutions, i.e. they consist of ordinary crystals 
with polygonal boundaries. In  ordinary steels which have been quenched 
that kind of structure is never obtained, but an interlacing network of needles 
which is called martensite is always formed. On that account it has been 
generally assumed that the original solid solution has undergone at least a 
partial decomposition and its constituents have become separated into their 
own particular crystalline form. It ought to be remembered that differences 
of structure of this kind do not necessarily indicate a real difference in 
physicochemical constitution, because exactly the same effect can be pro- 
duced in a perfectly pure ‘metal. When these differences are observed in a 
pure metal, it is a sign that the crystals with the acicular markings have been 
strained, and if the straining has been produced under suitable conditions the 
metal is generally made harder. 
The view which Professor Carpenter and the writer have advanced is 
that in the operation of quenching the normal heat of the carbide, or other 
similar change, is retained in the rapidly cooled material, and when the heat 
change is suppressed in this way very severe internal stresses are set up, and 
these cause internal straining of the material. That the material is internally 
strained is evident from the facts which have been published, namely, the 
metallic crystals are broken up into an exceedingly large number of twin 
lam ell^. Further, we believe that the hardness produced by quenching is 
brought about by crystal twinning and possibly direct slipping, and the 
formation of amorphous layers as a result of the internal deformation. 
In disagreement with this theory Dr. Rosenhain says : ‘‘ This view meets 
with the insuperable difficulty that although quenching does set up severe 
stresses in steels it does not cause any serious flow or movement. The strain 
hardening of metals only becomes marked when severe plastic flow has 
occurred ; it was large strains that were required, that was, the actual linear 
displacement of particles of matter within the mass had to be large.” The 
above is no doubt a correct statement of facts when applied to certain cases 
and under certain defined conditions such as direct tensional straining. It 
is, however, rather important to remember that the ratio of stresses to strains, 
and their quantitative effect upon the hardening of metals, varies within 
exceedingly wide limits even in the same metals, under different conditions. 
Hence the ternis “ very severe straining ” and ‘( large linear displacement ” 
do not seem to have any tangible meaning ; their effects upon the hardening 
of metals are materially influenced by the two factors, time and temperature. 
There are also good grounds for considering that the effects of compression 
stresses and strains upon hardening are quite different in degree from 
tensional stresses and strains. 
Thus Hanriot has shown that by simply subjecting cylinders of silver 
to uniform pressures of IO,OOO Iiilogranimes per square centimetre the hard- 
ness is increased from 1’0 to 1.7. This hardening is brought about without 
any apparent deformation or change of shape. 
Then, remembering that steels in the y condition are capable of forming 
twin crystals, it is not surprising that in the quenching operation large 
numbers of twin lamellae are formed. This crystal twinning is a definite 
indication of internal movement. 
Mr. Humfrey’s theory of hardening is not much unlike the one advanced 
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by Professor Carpenter and the writer. In both theories the hardness is  
considered to be due to the presence of amorphous material. Hence it is 
only a question of how that material is brought into existence. Considering 
that the formation of an amorphous condition from a previous crystalline 
state must involve an actual absorption of energy, it is not easy to understand 
how that energy can be supplied from the interior of a slowly cooling mass 
of material, as Mr. Hunifrey S U F ~ O S C S .  In other words, it does not seem 
theoretically .possible, nor does it appear necessary to suppose, that, in 
passing from one allotropic modification to another, crystals must revert 
to the amorphous state. On the other hand, when crystal twinning occurs 
as a result of quenching stresses, energy is absorbed and may be stored up 
in the amorphous layers. Thus it appears to the writer that the amorphous 
phase cannot be formed without some internal movement. This difficulty 
is completely overcome if it is admitted that twinning takes place. 
Turning now to the note at the end of Dr. Desch’s paper, the writer 
would like to say that the facts brought forward by that author are not 
opposed to the theory of hardening by twinning and possibly direct slipping. 
It should be remembered that the Widmanstatten structure seen in slowly 
cooled carbon steels is not composed of twinned crystals, and therefore the 
fact that they are soft cannot be regarded as having bearing upon the theory 
of hardening metals by crystal twinning which is produced by quenching. 
It may be that the ferrite of steels containing about 0.5 per cent. of carbon is 
deposited and continues to grow at the twinning or gliding planes, but that 
is not a proof that actual twinning takes place during slow cooling. Then 
again, so far as the writer is aware, the Widmanstatten structure has never 
been observed in a steel of the eutectoid composition. This seems to indi- 
cate that the Widmanstatten structure which is developed in slowly cooled 
steels, with lower carbon content, is caused by the gradual growth of the 
ferrite. I%’hen steels are quenched from high temperatures the crystals are 
undoubtedly twinned. A severely twinned metal is much harder than the 
same material in the undisturbed condition ; in fact, this is the foundation 
upon which ‘l’ammann builds his theory of hardening by the cold working 
of metals. Of course, the presence of a relatively small number of twin 
crystals such as esist in annealed brasses does not niaterially affect the 
hardness of the mass, but exactly the same applies to the direct slipping 
upon a few gliding planes produced by slight deformation. Pu
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